Twelve populations of Gambusia hoibrooki were sampled in three drainages of Florida and southern Georgia and their genetic structure was determined from the electrophoretic variation of 13 loci. 
Introduction
Understanding the role of gene flow in evolution requires knowledge of its level and pattern. High levels of gene flow among populations swamp the effects of drift and selection, whereas intermediate levels spread new gene combinations created by drift and selection (Wright, 1988) . The pattern of gene flow of riverine fishes is constrained by land, the complexity of the stream order, their level of tolerance to the salt concentration of sea water, other physical barriers to their dispersal, the energetic cost of maintaining place and of swimming against water flow, and the ability of an individual to disperse and leave descendants that will breed in a population other than the one into which it was born. The dispersal ability of fishes also affects their levels of gene flow. Indirect and direct methods for estimating the level of gene flow and their advantages and disadvantages are discussed by Slatkin (1985) . Some indirect methods use the geographical variation of allele frequencies.
Geographical variation of genetic characteristics has been documented for natural populations of Gambusia hoibrooki in several drainages. They show *Correspondence E-mail: dhrnand@arches.cc.uga.edu 1997 The Genetical Society of Great Britain. 295 more divergence within and between drainages and fewer alleles in the piedmont than in the coastal plain. Piedmont populations also have lower heterozygosity than those in the coastal plain, except in the Savannah River, Ogeechee and Altamaha drainages of Georgia, presumably because introgression with G. affinis increases the levels of genetic variation in the piedmont (Fig. la) . This species occurs in drainages that run to the Gulf of Mexico and in some piedmont locations of the Atlantic coast drainages (Scribner & Avise, 1993; Hernandez-Martich et a!., 1995) .
The occurrence of these patterns has been explained as a result of a much higher level of gene flow in the downstream than in the upstream direction. Water flow can produce such patterns by easing downstream dispersal and opposing upstream dispersal (Hernandez-Martich et al., 1995) . Water flow rate slows from the upstream reaches to the mouths of rivers (Wooton, 1990) . The water velocity and, consequently, downstream gene flow are increased at dams and at the fall line, a high steep boundary with rapids between the piedmont and the coastal plain. The patterns could also result from selection owing to environmental differences between the piedmont and the coastal plain.
Another factor that may be involved in creating the patterns is genetic drift. Piedmont populations are usually smaller and more isolated than those in the coastal plain. These conditions are more favourable for drift to occur. These three hypotheses are not mutually exclusive, and unidirectional gene flow, selection and drift could cause the geographical patterns of genetic structure (Smith et al., 1983; Hernandez-Martich & Smith, 1990) .
Drainages of southern Georgia and Florida do not originate in the piedmont (Fig. la) Hernandez (1988) . aiosys-i (Swofford & Selander, 1989 ) was used to estimate the mean number of alleles (Na), proportion of polymorphic loci (P; 0.95 criterion), multilocus heterozygosity (H; direct Count), modified Rogers's genetic distance among populations (D; Wright, 1978) and F-statistics. To test whether single-locus F15 and FST values were significantly different from 0, the methods of Li & Horvitz (1953) and Workman & Niswander (1970) were used, respectively. BIOSYS-1 was used to perform hierarchical analyses of genetic variance within and among populations (GST; Nei, 1977) and x2 goodness-of-fit tests for comparisons of the actual genotypic frequencies at each locus with HardyWeinberg expected frequencies. To test for the multilocus significance of each set of single-locus tests, the sequential Bonferroni procedure was used (Rice, 1989) .
Spatial relationships among samples were examined with a phenogram based on D and UPiMA algorithm (Sneath & Sokal, 1973) . The average number of individuals migrating among populations in each generation (Nm) was estimated using FSTvalues (Slatkin, 1985) for upstream and downstream populations of the three drainages and overall. Nm values were also estimated for populations of the Broad-Pee Dee and Ogeechee-Altamaha basins using data from previous studies (Hernandez, 1988; Hernandez-Martich et a!., 1995) .
To examine whether there was a relationship of D with geographical distance (km) between sampling sites and of site altitude (m) with D or H, the Mantel test was used. This test calculates the correlation between two matrices (Sokal & Rohif, 1995) . between the sampling sites (MTX-GEO1 disallowed and MTX-GEO2 allowed connections between the upstream sections of the Suwannee and Satilla drainages). Geographical matrices allowed connections between the Satilla and St John's drainages along the Atlantic Ocean and between Suwannee and St John's/Satilla along the St Mary's River and the Atlantic Ocean (Fig. la) .
Two-way analyses of variance (AN0vA) tMonomorphic.
between clusters, respectively. Genetic variation tends to be higher in the Georgia samples than in the Florida samples (Table 2) . Mantel tests of MTX-D against MTX-GEO1 or MTX-GEO2 were highly significant. However, the Mantel's correlation coefficient was higher for MTX-GEO2 than for MTX-GEO1 (r = 0.637 vs. Inferred levels of gene flow were consistently higher for the downstream than for the upstream populations. Nm was <2.0 for the piedmont populations except those in the Satilla, Suwannee and St John's drainages altogether and in the Ogeechee drainages. Nm was 2.0 for the downstream populations except in the Ogeechee and Altamaha drainages altogether and the Altamaha alone. Based on the combined data of upstream and downstream populations, Nm was 2.0 for each of the Pee Dee and Ogeechee drainages alone, and for the Satilla, Suwannee and St John's drainages altogether (Table  3 ).
0.501). There was no significant correlation between MTX-A and MTX-H (r =
All the averages of measures of genetic variation within populations were consistently higher in the downstream than in the upstream populations of each drainage. There were more alleles unique to the downstream than to the upstream populations of the three drainages (11 vs. 7). The ANOVA showed significantly smaller Na and H for the upstream than for the downstream populations, but no significant difference among rivers. P was not significantly different between sections or among rivers (Table   2 ).
Discussion
Our samples represent different populations, as shown by the significant FST. These populations exhibit genetic characteristics similar to those of populations in other drainages. First, mating is random as suggested by the nonsignificant F15.
Secondly, there are more alleles and heterozygosity in downstream than in upstream populations.
Thirdly, most of the genetic variance occurs within rather than among populations. Genetic variance among populations occurs mostly among local populations and is less among drainages than between sections within drainages. Finally, divergence within and among drainages is less downstream than upstream (Smith et a!., 1989; Hernandez-Martich et al., 1995) . Similar patterns have been described for guppies in Trinidad, West Indies (Shaw et a!., 1994) .
Genetic drift and selection may be significant factors causing the local differentiation and the upstream/downstream dichotomy of genetic characteristics. At high elevations, populations are usually smaller and more isolated than those at low eleva-tions. Thus, drift is expected to affect the former more than the latter populations (Hernandez, 1988;  Shaw et a!., 1994). In the three drainages of this study, however, differences in the degree of isolation and in size are weak between the upstream and downstream populations. Upstream populations do not seem to be as highly isolated as those in the piedmont of other drainages. A 1994 summer flooding facilitated fish dispersal between the upstream sections of Suwannee and Satilla near Ocilla (Irwin Co., GA, U.S.A.). On the other hand, no differences in population size between the upstream and downstream populations of drainages restricted to the coastal plain were observed (J. D. Hernandez, in preparation). Thus, genetic drift effects on the structure of mosquitofish populations of these three drainages do not seem to be as strong as in drainages that extend to the piedmont.
Biotic and abiotic factors vary in upstream and
downstream waters (Wooton, 1990) . In the BroadPee Dee basin, H is correlated with altitude, which Na is the average number of alleles, P is the average percentage polymorphic loci (0.95 criterion), and H is the average number of heterozygous loci per individual (direct count) in a population.
The Genetical Society of Great Britain, Heredity, 79, 295-301. may be associated with gradients of selective pressures (Hernandez, 1988) . However, the altitudes for the sampling sites of this study are only between 1 and 3 m, except the upstream Satilla (46 and 61 m) and Suwannee (79 and 82 m) drainages. Also, the Mantel test showed no correlation of altitude with H or with D. However, selective factors not considered in this study might have significant effects in producing the patterns.
Correlation between geographical and genetic distances is not high, but significant, suggesting a genetic structure more complex than that predicted by an isolation-by-distance model but simpler than that for an island model. Mosquitofish live near the shore in freshwater and estuarine habitats. Thus, their gene flow pattern may be better represented by a stepping-stone model with one dimension. This model assumes that dispersal occurs only between adjacent populations that are linearly distributed as in a river. Differentiation in such a model is larger than in multidimensional models (Crow & Aoki, 1984 When Nm was estimated, no selection and an island model of gene flow were assumed (Slatkin, 1985) . Under these conditions, Nm = 1 is enough to keep the same alleles in all populations, but a larger number is needed to prevent their genetic differentiation (Allendorf, 1983) . In a stepping-stone model, Nm = 2 is required to have similar effects to those described for the island model when Nm = 1 (Crow & Aoki, 1984 Australia (Congdon, 1995) . Mosquitofish can disperse up to 18 km each year at a rate twice as high in a downstream direction as in an upstream direction (Lynch, 1988) . Also, large Nm values like our estimates may reflect gene flow induced by hist- Estimates were derived from FST-values (Wright, 1943) computed from the number of populations in parentheses. tNm values for Broad, Pee Dee, Ogeechee and Altamaha drainages were calculated using data from Hernandez (1988) and Hernandez-Martich et al. (1995) . tNm = 1.5 for 14 upstream populations of the Broad-Saluda river system and 1'/m = 0.6 for 16 upstream populations of the Catawba-Wateree river system. §Nm = 4.5 for eight downstream populations of the Great Pee Dee river without the Waccamaw river system and Nm = 3.4 for 15 populations of the downstream Waccamaw river system. orical events and episodic flooding rather than continuous gene flow.
The occurrence of the Georgia and Florida clusters might be caused by historical dispersal or selection. The clusters occupy different latitudes, which are correlated with different environmental factors.
In the region of this study, some fish have their latitudinal distribution limited by environmental factors (Getter, 1982; Duggins et at., 1995) . Populations of G. hoibrooki, however, occur all over this region, and there is no report of genetic divergence occurring in the areas where those other fish are absent. According to Avise (1992) , intraspecific phylogenies of mtDNA of Gambusia and other taxa from the south-east are more consistent with historical gene flow than with changes in ecological pressures within their range.
In the last five million years, major portions of the Florida peninsula were covered by the ocean on several occasions. During these events, the waters occupied by populations of the Florida cluster partially or completely disappeared. The Cody Scarp, a relict shoreline 30 m above the present sea level, is evidence that peninsular Florida was reduced to a smaller peninsula and an archipelago (Fig. la; Gilbert, 1987) . This archipelago was probably a refugium for G. hoibrooki, which later colonized present-day bodies of water in the peninsula.
The Cody Scarp origin has been placed 3-5 million years ago (Gilbert, 1987) or less than 0.1 million years ago (MacNeil, 1949) . A weak divergence between the Georgia and Florida populations was found; this could be the result of isolation for a short period, a long period of strict isolation followed by high gene flow, or a long period of partial isolation with some gene flow. Other species in this region have differentiated more than that found in G. hoibrooki (Gilbert, 1987; Avise, 1992) . Thus, the differentiation of the Georgia and Florida clusters of populations more probably occurred as in the second or third explanation. Mosquitofish are highly tolerant of a variety of habitats and can disperse through marshy environments more easily than other fishes.
Eastern mosquitofish in southern Georgia and northern Florida have a similar genetic structure to those in the rest of Georgia and the Carolinas.
Upstream populations have less genetic variation and more differentiation within and among drainages than downstream populations. Florida populations are also differentiated from those in Georgia. Possible causes of these patterns include historical events, gene flow, selection and genetic drift. 
